We demonstrated the two-dimensional characterization of p + -Si/n % -SiC heterointerfaces by scanning internal photoemission microscopy (SIPM). In internal photoemission spectra, a linear relationship was found between the square root of photoyield (Y) and photon energy, and the threshold energy (qV th ) was reasonably obtained to be 1.34 eV. From the SIPM results, Y and qV th maps were successfully obtained, and nanometer-deep gaps in the junction were sensitively visualized as a pattern. These results suggest that this method is a powerful tool for investigating the inhomogeneity of heterojunctions as well as their carrier transport properties.
Introduction
GaN-and SiC-based devices are promising next-generation power devices because of their unique physical properties such as a wide band gap, a high thermal conductivity, a high electron saturation velocity, high physical and chemical stabilities, and a high breakdown field. GaN has the advantages of the formation of heterojunctions with AlGaN and InGaN, and their spontaneous and piezopolarizations, which induce two-dimensional electron gases at the heterointerfaces. Thus, AlGaN=GaN high-electron-mobility transistors (HEMTs) have been intensively studied and practically developed for power amplifiers of base stations. 1) Recently, free-standing bulk GaN substrates have been commercially available. Consequently, several novel devices such as vertical field-effect transistors (FETs), p-n junctions, and Schottky diodes have been demonstrated. 2) On the other hand, bulk crystals of SiC are grown by the sublimation method and SiC-based metal-insulator-semiconductor (MOS) structures are formed by the thermal oxidation process. Therefore, Schottky diodes and MOSFETs have been established. The combination of SiC with Si technologies has potential application for heterojunction bipolar transistors as next-generation power devices. 3, 4) In growing SiC layers on Si, 5) however, a marked amount of residual stress and a considerable number of defects with high densities are frequently encountered owing to the large lattice mismatch and difference in thermal expansion coefficient between Si and SiC, which limits the intrinsic performance of grown Si=SiC heterojunctions. 6) A wafer bonding technique would be a breakthrough on this problem. In general, wafer bonding techniques have been widely used for the fabrication of three-dimensional largescale integrated circuits 7) and optical electrical integrated circuits, 8) and for a better thermal dispersion from a mounted circuit to a bonded substrate, thus far. 9) As a next generation of development, recently, bonding interfaces have been used as active parts in the devices, typically seen in hybrid tandem solar cells. 10) It is notable that the reported conduction band discontinuities in Si=SiC heterojunctions fabricated by a conventional bonding method are largely scattered between 0.21 and 1.9 eV. 5, 11) This suggests that the electrical properties of the Si=SiC heterojunctions largely vary with surface wet chemical treatment and possible interface states. Such uncertainties stemming from the wet process are assumed to be rendered in direct wafer bonding processes [12] [13] [14] such as surface-activated bonding (SAB) 15, 16) since substrates are bonded without using the wet process. Surfaces of substrates are activated by the fast atom beams of Ar prior to SAB, which enables us to bond substrates without heating them. [17] [18] [19] [20] [21] [22] [23] [24] [25] We have fabricated p-Si=n-SiC and n-Si=n-SiC heterojunctions by SAB and found that the flat band voltage is ∼0.92 eV from current-voltage (I-V) measurements. 26) However, interface states with high densities are likely to be formed in the SAB process since dangling bonds are unveiled on sample surfaces owing to the irradiation of Ar atom beams. The impact of the interface states to the electrical properties of Si=SiC junctions has not yet been fully understood.
To develop practical devices including an active bonding interface, a near-ideal interface is required, but as mentioned above, actual interfaces suffer from some material and technical problems: (i) surface roughness, interfacial states, and damage, (ii) surface treatment for eliminating the remaining contaminated oxide layers, and (iii) uniform pressure on bonding with a high-precision machine and complete parallel wafers. Because these factors would induce inhomogeneity in the interface, two-dimensional characterization is required for the practical device development.
We have developed a novel two-dimensional mapping characterization method, scanning internal photoemission microscopy (SIPM), to verify the electrical inhomogeneity of metal=semiconductor (M=S) interfaces. To date, we have successfully demonstrated the mapping of thermal degradation and surface damage in Si, GaAs, SiC, and GaN Schottky contacts. [27] [28] [29] In this study, we have applied this technique to characterize p + -Si=n − -SiC heterointerfaces. After verifying the validity of using the internal photoemission effect for a heterointerface was shown, SIPM mapping was conducted to reveal the interfacial roughness.
Experimental methods
We prepared 525-µm-thick B-doped p Fig. 1(a) . The 4H-SiC substrate has an off-angle of 4°toward the ½11 20 direction. Al=Ni=Au multilayers for ohmic contacts were evaporated on the back surfaces of p + -Si and n + -SiC substrates. We polished the surfaces of the SiC substrates so as to remove the undulation that we had originally observed on the surfaces. Then, we bonded the p-type substrate to the SiC epitaxial substrate by SAB to fabricate p + -Si=n − -SiC junctions. The SAB process used was previously reported in detail in Refs. 25 and 30. Finally, the ohmic contacts on p-type Si and n-type SiC were sintered by rapid thermal annealing at 800°C for 60 s in N 2 gas ambient. We measured the I-V characteristics by using a semiconductor parameter analyzer (HP4142B) to confirm basic diode behavior.
Prior to the SIPM measurements, we conducted conventional photoresponse (PR) measurements, where a photocurrent was detected while photon energy (hν) was continuously scanned. The original PR measurement is based on the internal photoemission effect, which is valid for a M=S interface. The relationship between hν and photoyield (Y), corresponding to the photocurrent per number of incident photons, is given by Fowler's equation:
where qϕ B is the Schottky barrier height. In this study, we applied the internal photoemission measurements to a semiconductor=semiconductor (S=S) heterointerface. As shown in Fig. 1(b) , a p + =n − junction was prepared to form a similar band diagram to a M=S interface. We define threshold energy (qV th ) as the energy difference from the top of the valence band of the p-Si side to the bottom of the conduction band of the n-SiC side at the interface. When a monochromatic light with an energy hν above qV th but below the energy band gap of SiC is incident on the interface, electrons around the Fermi level (E F ) in p-Si are excited, and can surmount the barrier generating a photocurrent under the electrical field in the depletion layer. When hν is close to the fundamental absorption edge of SiC, a large photocurrent flows owing to electron-hole pair generation as in a solar cell. In the SIPM measurements, one focuses and scans the beam over the interface in a 200 × 200 µm 2 area for obtaining a twodimensional image of Y. Red (λ 1 = 660 nm, hν 1 = 1.88 eV) and green (λ 2 = 516 nm, hν 2 = 2.40 eV) light lasers were used in this study. Finally, we observed the SiC surface before bonding by atomic force microscopy (AFM).
Results and discussion
The I-V characteristics of the p + -Si=n − -SiC heterojunction are shown in Fig. 2 , where the ohmic contact on the SiC side is grounded. The respective curves revealed a rectifying property. The current values at +3 and −10 V are different by about 5 orders of magnitude. Figure 3 shows typical PR spectra plotted in a square root of Y in the same manner as the M=S interface. As expected, a photocurrent was detected even in the p + -Si=n − -SiC heterojunction. A large peak at the fundamental absorption edge near the band gap of SiC was observed. In addition, on the lower hν side of the peak, a linear portion can be seen between 1.4 and 2.5 eV. In this device structure, the incident photons are absorbed in the vicinity of the Si surface at the interface, and electrons in the valence band are excited across the energy band gap of Si. Because of the indirect band structure of Si, the absorption coefficient has a wavelength dispersion of square root. Therefore, this would be responsible for the linear relationship. Since the electrons excited around E F contribute to the photocurrent, the onset energy of the spectra would be qV th . From these experimental results, we can empirically rewrite Eq. (1) to
The qV th was obtained to be 1.34 eV. This value is in good agreement with our previously reported value obtained from the C-V results. 26) We confirmed that PR measurement is effective for determining qV th . We also confirmed that, because the two laser wavelengths in the SIPM measurements are within the linear portion in the PR spectra, the choice of wavelengths is reasonable for determining qV th .
We show the SIPM results in Figs. 4(a) and 4(b). The Y map at λ 2 = 516 nm [ Fig. 4(a) ] revealed randomly oriented sharp lines and aligned trenches, which corresponded to small Y signals. We repeated the same measurement at λ 1 = 660 nm, and the qV th image was obtained according to Eq. (2). Basically, the same pattern was also observed in the qV th map in Fig. 4(b) , and qV th was obtained to be 1.34 eV in regions without lines and trenches. As expected, the qV th from the SIPM result is consistent with that from the PR results.
To reveal the origin of the pattern, AFM measurements were conducted at the SiC surface before bonding. A similar pattern can be observed in the AFM image as shown in Fig. 5 . Typical randomly oriented sharp lines are 1-5 nm deep and about 1 µm wide. The sharp lines are considered to be scratches formed upon polishing the SiC wafer. Even in nanometer-deep scratches, a gap can be formed between Si and SiC in the junction; thus, the photocurrent was not detected in these regions. In the AFM image, the aligned trench pattern was not clearly observed, but the pattern is probably caused by the step bunching of the SiC surface, because the trenches are aligned toward the same direction as the off-angle of the SiC substrate. These results tell us that SIPM is suitable for not only M=S contacts but also S=S heterojunctions, and significantly sensitive to a nanometerorder surface morphology.
Conclusions
The p + -Si=n − -SiC heterojunctions were characterized by I-V, PR, and SIPM measurements. In PR spectra, a linear relationship was found between Y 1=2 and hν, and qV th was reasonably obtained to be 1.34 eV. In SIPM results, Y and qV th maps were successfully obtained, and nanometer-deep scratches in the junction were sensitively visualized as a pattern. We confirmed that this method is a powerful tool for investigating the inhomogeneity of the heterojunctions as well as their carrier transport properties. 
